CM. Activation of the nuclear factor-B pathway during postnatal lung inflammation preserves alveolarization by suppressing macrophage inflammatory protein-2.
ever, postnatal completion of growth renders the lung highly susceptible to environmental insults that disrupt this developmental program. This is particularly evident in the setting of preterm birth, where disruption of alveolarization causes bronchopulmonary dysplasia (BPD), a chronic lung disease associated with significant morbidity during infancy (5, 34) and a higher risk for the development of future lung diseases during adulthood (20, 71) .
Inflammation is detrimental to the developing lung. Mechanical ventilation and hyperoxia, stimuli that induce lung inflammation, impair alveolarization. Preterm infants with a history of maternal chorioamnionitis are at increased risk for developing BPD (69) , and intra-amniotic administration of lipopolysaccharide (LPS) impairs alveolar and vascular growth in animal models (63, 70) . In addition, infants with very low birth weight and a history of either early or late-onset sepsis have an increased incidence of BPD (19, 35) . However, although growing evidence supports the notion that inflammation impairs alveolarization, the molecular mechanisms responsible for these detrimental effects on distal lung growth and the endogenous pathways invoked to preserve lung growth during inflammatory stress are not known.
The NF-B signaling pathway is a key regulator of inflammation. NF-B molecules, although ubiquitously expressed (52) , are normally held inactive in the cytoplasm in association with an inhibitory protein, IB. Activation of NF-B by IKK-␣ and -␤ results in the phosphorylation and degradation of IB (50) , thereby allowing NF-B complexes to translocate into the nucleus. NF-B-mediated induction of cytokines and chemokines has been implicated in the pathobiology of lung diseases marked by excessive inflammation (23, 39) , including acute lung injury, asthma, and cystic fibrosis (10, 13, 18) . However, NF-B also serves essential anti-inflammatory functions that are cell and stimulus specific. In a rodent model of carrageenan-induced pleurisy, prophylactic inhibition of NF-B before injury decreases inflammation, whereas inhibition after injury prolongs the inflammatory response (37) . Epithelial-specific deletion of IKK-␤ limits lung inflammation in adult mice infected with group B streptococcus (GBS), yet macrophagespecific deletion augments inflammation by increasing signal transducer and activator of transcription (STAT)1 activation and polarizing macrophages toward the pro-inflammatory M1 phenotype (21) .
Moreover, the pro-and anti-inflammatory roles of NF-B in the lung appear to be developmentally regulated. Our group showed that systemic blockade of the NF-B pathway in adult mice protects against LPS-induced lung injury, whereas the same treatment worsens lung inflammation in postnatal day 6 (P6) mice (2) . In addition, we have recently demonstrated that NF-B plays an essential role in mediating alveolarization (21) . NF-B is constitutively active in the lungs of mice at the onset of alveolarization, and pharmacologic inhibition of the NF-B pathway at this stage of development disrupts alveolarization and reduces pulmonary capillary density, but has no effect on the lung structure of adult mice. Thus when NF-B plays a detrimental or protective role in the developing lung remains incompletely understood.
In this study we demonstrated that systemic inflammation impairs alveolarization, decreasing lung cell proliferation and reducing epithelial growth factor expression. Inhibiting the NF-B pathway markedly exaggerated the detrimental effects of systemic LPS on alveolarization, disrupting pulmonary angiogenesis and further suppressing proliferation. These effects were associated with an augmentation of the lung inflammatory response, as evidenced by increased STAT-1 activation and marked elevations in the levels of macrophage inflammatory protein-2 (MIP-2). Finally, MIP-2 was found to have a direct anti-migratory effect on the pulmonary endothelial cells, and neutralization of MIP-2 prevented the severe phenotype induced by NF-B pathway inhibition, restoring both lung cell proliferation and pulmonary angiogenesis.
MATERIALS AND METHODS
Animal model. P6 C57BL/6 mice were injected intraperitoneally with vehicle (PBS), E.Coli O127:B8 LPS (24 mEU/kg; SigmaAldrich, St. Louis, MO), or the selective IKK-␣ and IKK-␤ inhibitor BAY 11-7082 (BAY; 10 mg/kg; EMD Chemicals, Gibbstown, NJ), 1 h before LPS. For each litter, approximately one third of the pups randomly received PBS, LPS, or LPS ϩ BAY. For the MIP-2 neutralization experiments, four litters of pups were mixed and received either isotype control rat IgG (10 g/g) or rat anti-mouse MIP-2 antibody (10 g/g) (R&D systems, Minneapolis, MN). After 16 h, the IgG or anti-MIP-2 pretreated pups were then given either LPS or LPS ϩ BAY as described above. In both sets of studies, the mice were euthanized 24 h after treatment (at day P7), and the lungs were fixed at 25 cm H 2O pressure with 10% formalin and paraffin was embedded for histology as we have done previously. Additional animals were also euthanized on P6 and the lungs inflation fixed as described above to allow the baseline assessment of radial alveolar counts in the mice before intervention. Morphometric analysis was performed on lung sections after formalin fixation (described above). Brightfield images of hematoxylin and eosin (H&E)-stained lung tissue were acquired using a Leica DM5500 upright microscope and a Micropublisher 5MPixel, color digital camera, using HC Plan Apo 25-mm objectives at ϫ10 and ϫ20 magnification (Leica Microsystems, Buffalo Grove, IL). Radial alveolar counts were determined in a minimum of 30 perpendicular lines per animal derived from three lung sections per animal and averaged to give a single value per mouse, as previously described (32) . The area of all complete distal air spaces (nonbranching, terminal air spaces with complete circumferential walls) were measured using a 10ϫ calibrated objective and Metamorph image analysis software, as previously described (12) . For each experiment, 5 to 8 animals per group were used.
Frozen sections of lung were obtained 24 h after treatment by inflation of the lungs with optimal cutting temperature (OCT) compound embedding medium (Sakura Finetek, Torrance, CA) at a pressure of 35 cm H 2O pressure (due to the high viscosity), then immersed in OCT and snap-frozen before cryosectioning. Additional neonatal lungs were snap-frozen at 8 and 24 h for RNA and protein isolation. All animal procedures were approved by the Institutional Animal Care and Use Committee at Stanford University.
Immunofluorescent staining of lung tissue. Immunohistochemistry was performed on formalin-fixed or frozen lung sections using techniques previously described (32) with primary antibodies against proliferating cell nuclear antigen (PCNA; 1:150; Abcam, Cambridge, MA), CD31 (1:200 for frozen tissue; BD Pharmingen, San Diego, CA; or 1:200 for fixed tissue: Dianova, Germany), fibroblast growth factor-7 (FGF-7; 1:100; Santa Cruz Biotechnology, Santa Cruz, CA), fibroblast growth factor-10 (FGF-10; 1:100; Santa Cruz Biotechnology), von Willebrand factor (vWF; 1:100; Millipore, Billerica, MA), MIP-2 (1:100; R&D systems), and Ly-6B (1:100; AbD Serotec, Kidlington, UK). After being probed with the primary antibody, sections were washed in PBS for 3 ϫ 10 min and then incubated with the suitable fluorochrome-labeled secondary antibodies (1:200; Invitrogen/Molecular Probes). Chromatin was counterstained with 10 mg/ml Hoechst reagent (Sigma-Aldrich) diluted in H2O (1:10,000). TUNEL staining was performed using the ApoTag Peroxidase In Situ kit (Millipore), as we have done previously (2) .
The PCNA-stained nuclear area relative to all nuclear area was determined in Ͼ20 nonoverlapping, random fields, derived from 5 to 6 animals per group, and the value of the total PCNA-stained nuclear area was divided by the Hoechst-stained nuclear area after thresholding. The values were then averaged to derive a single value of percent PCNA-stained nuclear area for each animal. The number of vWF positive vessels (diameter Ͻ100 m) per high-powered field (HPF) was manually counted on 20ϫ images in a blinded fashion. At least 10 nonoverlapping fields per mouse were counted, and the number of vWF positive vessels per HPF averaged to give a single value per mouse. The number of lung neutrophils and TUNEL positive cells present in each group was quantified in four nonoverlapping 20ϫ images in a blinded fashion, with the number of neutrophils or TUNEL positive cells per HPF averaged to give a single value per mouse.
Western immunoblot. Cytoplasmic and nuclear protein was extracted from frozen lung tissue using the NE-PER kit (Pierce), quantified using the Bradford method, and then subjected to SDS-PAGE. Membranes were incubated with primary antibodies to detect either VEGF-A (Abcam; 1:500) or VEGFR2 (Santa Cruz Biotechnology; 1:500) with ␣-tubulin (Sigma; 1:5,000) as a loading control, cleaved-caspase-3 (Cell Signaling; 1:500) with ␤-actin as a loading control, and p-STAT1 (Cell Signaling; 1:1,000) with TATA box binding protein (TBP; Abcam; 1:2,000) as a loading control. For the in vitro studies to assess activation of STAT-1, murine alveolar macrophage (MH-S) cells and pulmonary endothelial cells (PEC) were pretreated with BAY 11-7082 (5 M) for 1 h, followed by stimulation with LPS (100 ng/ml) for 4 h, and nuclear protein was extracted, subjected to SDS-PAGE, and probed to detect p-STAT1 with the nuclear envelope protein Lamin-B1 (Abcam; 1:5,000) The appropriate horseradish peroxidase-conjugated secondary antibody, were used to detect the immune-complexes as enhanced chemiluminescence signals on Kodak X-ray films (GE Life Sciences, Piscataway, NJ). Images of the Western blot were processed by use of the ImageJ software.
Quantification of MIP-2 in plasma. Neonatal plasma was collected using plasma separator tubes (BD, Franklin Lakes, NJ). The plasma levels of MIP-2 were quantified using a MIP-2 ELISA kit (R&D Systems) performed according to the manufacturer's protocol.
Isolation of PECs. Neonatal primary PEC were isolated after digestion of whole lung tissue with collagenase IA (0.5 mg/ml) for 30 min at 37°C and incubation of cell homogenate for 15 min at room temperature (RT) with anti-CD31 coated magnetic beads (Dynabeads, Invitrogen) as previously described (24) . PEC were cultured in endothelial growth media (EGM) containing 5% FBS (Microvascular EBM-2; Lonza) at 37°C in 5% CO2. Cells from passages 1 through 3 were used for all experiments.
Proliferation assays. Proliferation of neonatal PEC was determined by performing bromodeoxyuridine (BrdU) incorporation assays. PEC (6K) were plated in each well (96-well plate) and allowed to attach in EGM for 24 h. After 12 h of starvation in EGM ϩ 0.2% serum, the media was replaced with starvation media containing vehicle (PBS ϩ 1% BSA) or increasing concentrations of recombinant murine MIP-2 (R&D Systems) in addition to BrdU. The BrdU incorporation was measured at 4 to 72 h post-treatment by ELISA per the manufacturer's protocol (Roche Diagnostics, Mannheim, Germany).
Endothelial wound healing assays. Migration of neonatal PEC was determined by wound healing assay. PEC (6K) were plated on culture slides and allowed to attach in EGM for 24 h. A linear wound was created using a sterile pipet tip, and the EGM media was then replaced with either starvation or complete (EGM ϩ 5% serum) media containing either vehicle (PBS ϩ 1% BSA) or increasing concentrations of recombinant MIP-2 (R&D Systems). Phase-contrast images of the wound were obtained at 0 and 16 h post-treatment, and the percentage of the wound area covered at 16 h calculated in at least three wells for each experimental group.
Apoptosis assays. To assess apoptosis, 10K PEC were plated into each well of a 96-well plate and allowed to attach for 24 h in complete EGM. At time zero, EGM was replaced with starvation media containing vehicle (PBS ϩ 1% BSA) or increasing concentrations of recombinant MIP-2, and the amount of cleaved caspase-3 and -7 was measured using a GloMax 96-well plate luminometer and the Caspase Glo-3/7 reagent (Promega) at 2 to 8 h.
Statistical analyses. All data are presented as means Ϯ SE. Statistical differences between two groups were determined by Student's t-test and between more than two groups by one-way ANOVA, followed by Bonferroni Multiple Comparison post hoc analysis. Statistical differences between groups where there were two independent variables were determined using two-way ANOVA. A P value of Յ0.05 was considered statistically significant.
RESULTS

Systemic LPS disrupts distal growth of the early alveolar lung and, inhibiting the NF-B pathway, accentuates these detrimental effects.
Clinical and experimental studies have shown that antenatal inflammation detrimentally affects alveolarization; however, the role of postnatal systemic inflammation on the early alveolar lung is less clear. To investigate whether systemic inflammation alters late lung development, we treated mice at the onset of alveolarization (6-day-old; P6) with a sublethal dose of systemic LPS and assessed lung structure at 24 h post-treatment. Systemic LPS impaired alveolarization in the neonatal mouse, increasing the distal airspace size by more than 30% (P Ͻ 0.001; Fig. 1B ) and reducing radial alveolar counts by 20% (P Ͻ 0.001; Fig. 1C ) as compared with vehicle controls (PBS).
To determine the effect of NF-B pathway activation on alveolarization during systemic inflammation, we then treated additional groups of LPS-treated mice with BAY-11-7082, a selective and irreversible inhibitor of IKK-␣ and -␤ (51). Our previous study demonstrated that BAY treatment alone,-impaired alveolarization in P6 mice, resulting in a 20% decrease in the radial alveolar count (RAC) and a similar increase in distal airspace size (21) . In keeping with these results, inhibiting the NF-B pathway with BAY exaggerated the alveolar simplification induced by systemic LPS, with LPS ϩ BAY mice demonstrating a 30% decrease in RAC and a 40% increase in distal airspace size ( Fig. 1 , B and C) than mice receiving LPS alone. To assess whether the decreased alveolarization observed in the LPS and LPS ϩ BAY groups represented primarily an arrest in the formation of new alveoli versus the active destruction of existing alveoli, RAC were also determined in P6 mice at baseline. The RAC of LPS-treated mice at P7 and control mice at P6 were similar (5.52 Ϯ 0.06 vs. 5.53 Ϯ 0.16, ns). In contrast, the RAC in LPS ϩ BAY-treated mice at P7 were significantly less than control mice at P6 (4.2 Ϯ 0.02 vs. 5.52 Ϯ 0.06; p Ͻ 0.001), suggesting that the combination of LPS ϩ BAY causes destruction of existing alveoli in addition to inducing arrested alveolar development.
Systemic LPS reduces proliferation and decreases epithelial growth factors in the early alveolar lung. We next evaluated the effect of systemic inflammation, in the presence or absence of NF-B pathway inhibition, on lung cell apoptosis and proliferation. We first assessed the amount of apoptosis in the lungs of PBS, LPS, and LPS ϩ BAY-treated mice at 8 h by determining the amount of cleaved caspase-3 by Western immunoblot. We found a strong trend toward similarly increased levels of cleaved caspase-3 in the lungs of LPS and LPS ϩ BAY-treated mice, but these were not statistically different than controls ( Fig. 2A) . We also did not detect significant differences in the amount of apoptosis between the three groups by TUNEL staining of lung sections at 24 h (1.7 Ϯ 0.45, 3.3 Ϯ 1, and 4 Ϯ 0.67 TUNEL positive cells per HPF in PBS, LPS, and LPS ϩ BAY-treated mice, respectively, with n ϭ 5).
To assess the degree of proliferation, we immunostained fixed lung tissue from the three groups of mice to detect PCNA. Consistent with prior reports, a high rate of proliferating cells was found throughout the lungs of control mice (Fig.  2B ). Systemic LPS reduced proliferation in the early alveolar lung, resulting in a 60% decrease in PCNA nuclear staining in LPS-treated versus control mice (P Ͻ 0.01; Fig. 2C ). Inhibiting the NF-B pathway further decreased proliferation in the early alveolar lung, with mice receiving the combination of LPS ϩ BAY demonstrating an 80% reduction as compared with that of controls (P Ͻ 0.001).
We next determined whether the decreased proliferation observed in the LPS and LPS ϩ BAY-treated mice was associated with alterations in the expression of key epithelial growth factors FGF-7 and FGF-10. We first determined the gene expression of FGF-7 and FGF-10 in the three groups of mice, 8 h after treatment with PBS, BAY, LPS, or LPS ϩ BAY, using quantitative PCR. BAY treatment alone did not change the gene expression of either FGF-7 or FGF-10 (data not shown). In contrast, systemic LPS decreased the mRNA expression of both FGF-7 and FGF-10 ( Fig. 2, D and E) . However, NF-B pathway inhibition did not further reduce FGF-7 and FGF-10 levels in the LPS-treated mice. These decreases in FGF-7 and FGF-10 mRNA expression correlated with the immunostaining of lung sections to detect FGF-7 and FGF-10 protein in situ, which showed similar reductions in FGF-7 and FGF-10 protein in both the LPS and the LPS ϩ BAY-treated mice (Fig. 2F) .
Systemic LPS disrupts pulmonary angiogenesis and decreases the expression of angiogenic factors and, inhibiting the NF-B pathway, accentuates these effects. Growth of the pulmonary capillaries by angiogenesis is essential for alveolarization. However, how systemic inflammation alters pulmonary capillary development, and whether activation of NF-B in this setting is beneficial or detrimental, has not been studied. Therefore, to determine the pulmonary capillary density in the three groups of mice, we immunostained lung sections with an antibody against the endothelial cell marker CD31. Previously, we demonstrated that BAY treatment alone reduced CD31 immunoreactivity by 24 h (21). Similarly, LPS treatment resulted in a modest reduction in CD31 immunostaining, and combined treatment with LPS ϩ BAY resulted in more marked reductions (Fig. 3A) . We further evaluated these differences in pulmonary vascular density by immunostaining lung sections to detect vWF and quantifying the number of microvessels per HPF (61, 65) . Systemic LPS treatment resulted in a small but statistically insignificant decrease in vessel density, whereas LPS ϩ BAY reduced the number of small blood vessels by 30% (Fig. 3C) .
The VEGF signaling pathway is a key regulator of the pulmonary angiogenesis requisite for alveolarization. To determine whether systemic inflammation impairs alveolarization by disrupting VEGF signaling, we quantified the protein expression of VEGF-A and VEGFR-2 in PBS, LPS, and LPS ϩ BAY-treated neonatal mouse lung. Lung levels of VEGFR2 protein were markedly decreased in response to systemic LPS, and inhibiting the NF-B pathway did not further suppress VEGFR2 expression. In contrast, although VEGF-A protein was similar in the lungs of LPS-treated mice as compared with those of PBS controls (Fig. 3E) , VEGF-A protein expression was significantly less in LPS ϩ BAY-treated mice. These results suggest that the more severe impairment in alveolarization observed in the LPS ϩ BAY-treated mice may result in part from disrupted pulmonary angiogenesis.
Inhibiting the NF-B pathway in the early alveolar lung enhances activation of STAT-1 and increases LPS-mediated inflammation.
Classically considered a pro-inflammatory mediator, NF-B also serves essential anti-inflammatory functions that are cell and stimulus specific (1). For example, in macrophages, loss of IKK-␤ increases STAT-1 activation, augmenting inflammatory cytokine expression by polarizing macrophages toward an M1, pro-inflammatory phenotype (21) . To determine whether BAY treatment altered STAT1 in the signaling of the three groups of mice, we immunostained frozen lung tissue to detect phosphorylated (active) STAT-1. Lung sections from PBS-treated mice were completely devoid of pSTAT-1 positive cells (Fig. 4A) . Systemic LPS activated STAT1 in the early alveolar mouse lung, evident by the nuclear staining of scattered, isolated cells for pSTAT1 in the lungs of mice receiving LPS alone, including cells that were CD31 positive (arrows). Inhibiting the NF-B pathway further in- Fig. 3 . Systemic LPS disrupts pulmonary angiogenesis and decreases the expression of angiogenic factors, and inhibiting the NF-B pathway accentuates these effects. A: representative immunofluorescent images from lung frozen sections obtained from PBS, LPS, and LPS ϩ BAY-treated mice at 24 h, to detect CD31 (green) and chromatin (blue) (A) or von Willebrand factor (vWF; red) and chromatin (blue) (B). C: quantification of vWF-stained vessels per high power field (HPF) in each group with ***P Ͻ 0.001 vs. PBS. Data are expressed as means Ϯ SE, with n ϭ 5 to 6 for each group. D: Western immunoblot to detect VEGFR-2 and VEGF-A (E) in lung tissue from PBS, LPS, and LPS ϩ BAY-treated mice at 24 h, and normalized to tubulin as a loading control, with **P Ͻ 0.01 and ***P Ͻ 0.001 vs. PBS. Dividing lines between bands on the VEGFR2 WB indicate that the bands were from the same gel, but not from adjacent wells. Data are expressed as means Ϯ SE, with n ϭ 4 for each group. Scale bar ϭ 100 m.
creased STAT-1 activation, with lungs from LPS ϩ BAYtreated mice demonstrating numerous cells with intense nuclear staining for pSTAT1. These differences were quantified by immunoblot analysis using nuclear extracts obtained from whole lung tissue, which showed a nonsignificant increase in nuclear pSTAT1 in LPS-treated mice and a more marked, statistically significant increase in the lungs of mice treated with LPS ϩ BAY (Fig. 4B) .
In both macrophages and endothelial cells, LPS can induce STAT1 activation (41, 56) . Thus, to evaluate how the NF-B pathway modulates STAT1 activation in these two cell types, we next performed in vitro studies in alveolar macrophages and primary pulmonary endothelial cells exposed to LPS. Murine alveolar macrophages (MH-S cells) were pretreated with BAY for 1 h before stimulation with LPS, and nuclear protein assessed for STAT-1 activation at 4 h. LPS activated STAT1 in the MH-S cells, and the degree of activation was completely unaffected by pretreatment with BAY (Fig. 4C) . In contrast, LPS alone did not activate STAT1 in primary PEC, but the combination of LPS ϩ BAY significantly induced STAT1 activation (Fig. 4D) . Furthermore, treating the MH-S cells with BAY alone had no effect on STAT-1 activation, whereas BAY alone increased STAT-1 activation in PEC. Taken together, these data suggest that in our in vivo model, the increased STAT-1 activation observed may be occurring primarily in the pulmonary endothelium rather than in alveolar macrophages.
In addition to STAT-1 being activated, systemic LPS also increased the gene expression of inflammatory factors that have been implicated in other models of impaired alveolarization, including IL-1␤ (14) and the CXC chemokine macrophage inflammatory protein-2 (MIP-2) (40). Although BAY treatment alone did not alter the expression of these two cytokines (data not shown), inhibiting the NF-B pathway in the LPS-treated mice raised IL-1␤ levels slightly (Fig. 4E) and markedly increased the levels of MIP-2, resulting in a 300-fold increase in MIP-2 mRNA in the LPS ϩ BAY mice as compared with PBS controls and a 2.4-fold increase as compared with mice treated with LPS alone (Fig. 4F) . These increases in MIP-2 mRNA expression correlated with results obtained from the immunostaining of lung sections at 24 h to detect MIP-2 protein in situ. Lung sections from PBS controls demonstrated minimal MIP-2 immunoreactivity (Fig. 4H) , and systemic LPS modestly increased MIP-2 immunoreactivity in the lung. However, inhibiting the NF-B pathway markedly increased MIP-2 immunoreactivity in LPS-treated animals, with intense staining evident in large cells within the alveoli (solid arrows) and in flat cells lining pulmonary capillaries (dashed arrow). Furthermore, these changes in lung MIP-2 expression were reflected by similar changes in plasma MIP-2 levels, with modest increases in the LPS-treated animals and significantly higher levels in the plasma from mice treated with LPS ϩ BAY (Fig.  4G) . In addition, the heightened MIP-2 expression observed in the LPS ϩ BAY-treated mice was also associated with a significant increase in the number of neutrophils infiltrating the lung parenchyma (7 Ϯ 2 neutrophils per HPF in PBS, 17.75 Ϯ 2.4 in LPS, and 25.77 Ϯ 3 in LPS ϩ BAY, with P Ͻ 0.01 in LPS ϩ BAY vs. PBS).
Neutralizing MIP-2 in the LPS-exposed lung preserves lung proliferation and angiogenesis and prevents the severe alveolar impairment induced by NF-B pathway inhibition. Signaling through the CXC receptor-2 (CXCR2) mediates inflammation in experimental models of lung injury induced by LPS, infection, and mechanical stretch (7, 54) . However, many CXCR2 ligands, including MIP-2, also possess potent proangiogenic effects (58) , thus raising the possibility that the heightened MIP-2 levels in the LPS ϩ BAY animals represent a compensatory response aimed to restore pulmonary angiogenesis. Thus, to determine whether MIP-2 was playing a pathologic or compensatory role in our model, we performed experiments to neutralize MIP-2 in vivo. Groups of mice were pretreated with either anti-MIP-2 neutralizing antibody (anti-MIP-2-Ab) or isotype control antibody (IgG) before receiving either LPS or LPS ϩ BAY. Morphometric analysis of IgG and anti-MIP-2-Ab-treated mice demonstrated that MIP-2 neutralization prevented the severe impairment of alveolarization induced by LPS ϩ BAY (Fig. 5, A-C) . Although treatment with anti-MIP-2-Ab did not improve alveolarization in mice treated with LPS alone, mice receiving anti-MIP-2-Ab before LPS ϩ BAY had significantly smaller terminal airspaces (Fig.  5B ) and increased radial alveolar counts (Fig. 5C ) than mice treated with isotype control IgG, resulting in values that were similar to those observed in mice treated with LPS alone.
Moreover, neutralization of MIP-2 preserved lung cell proliferation and pulmonary angiogenesis in the LPS ϩ BAYtreated mice. Quantification of PCNA positive nuclei in lung sections obtained from LPS ϩ BAY mice treated with either IgG or anti-MIP-2-Ab demonstrated a 40% increase in the number of proliferating cells within the lung (Fig. 6A) . Furthermore, neutralization of MIP-2 also significantly increased the pulmonary capillary density, resulting in 30% greater vWF positive vessels in the LPS ϩ BAY mice treated with the anti-MIP-2 Ab as compared with those mice receiving IgG (Fig. 6B) .
MIP-2 directly impairs PEC migration. The ability of the anti-MIP-2-Ab to preserve pulmonary capillary density in the LPS ϩ BAY-treated mice suggested that MIP-2 might directly impair pulmonary endothelial angiogenesis. Thus we next performed in vitro assays to determine how MIP-2 alters key angiogenic functions of the pulmonary endothelial cells. We exposed the PEC to increasing doses of recombinant murine MIP-2 and performed assays to assess survival, proliferation, and migration. Recombinant MIP-2 did not affect PEC proliferation or survival, even at doses as high as 1 g/ml (data not shown). In contrast, recombinant MIP-2 impaired PEC migration, with the highest concentration of MIP-2 (1 g/ml) resulting in a 40% decrease in endothelial wound closure (Fig. 7A) . Of note, the anti-migratory effect of MIP-2 was only observed when added to the complete media, with neither a pro-nor anti-migratory effect observed when recombinant MIP-2 was added to starvation media (Fig. 7B) .
DISCUSSION
In the present report, we explored the role of the NF-B pathway in the early alveolar lung during systemic inflammation. As a central regulator of inflammation, the NF-B pathway has been shown to promote lung injury in numerous models (16, 26, 57) . However, important anti-inflammatory functions for NF-B have recently been established, and we have previously shown that constitutive activation of NF-B promotes pulmonary angiogenesis and alveolarization (32) . In this study, we found that systemic LPS alone was sufficient to disrupt alveolarization, significantly decreasing lung cell proliferation and the expression of epithelial growth factors. Ab- rogating the NF-B pathway markedly exaggerated the detrimental effects of LPS on the early alveolar lung, further decreasing cell proliferation, impairing pulmonary angiogenesis, and augmenting lung inflammation, with marked increases in the CXC chemokine MIP-2. Importantly, neutralizing MIP-2 in the mice receiving both LPS and the NF-B inhibitor BAY prevented the severe impairment in alveolarization and preserved proliferation and angiogenesis at levels observed in mice receiving LPS alone. By exploring the direct effects of MIP-2 on PEC, we related this rescue effect to the ability of MIP-2 to impair PEC migration. Taken together our data suggest that activation of NF-B in the early alveolar lung during systemic inflammation preserves angiogenesis and alveolarization by suppressing the anti-angiogenic cytokine MIP-2.
The onset of alveolarization is characterized by a period of rapid cellular proliferation, and stimuli that disrupt alveolarization (e.g., hyperoxia and dexamethasone) reduce proliferation in the developing lung (17, 42) . FGF-7 is an epithelial specific mitogen that promotes the proliferation of alveolar epithelial cells, in vitro (48) and in vivo (64) . The structurally similar growth factor FGF-10 also promotes the proliferation of lung epithelial cells (49) and is essential for lung development, with FGF-10 null mice, demonstrating a complete absence of lung formation (45) . In this study, we found that systemic LPS significantly decreased proliferation in the early Fig. 6 . MIP-2 neutralization prevents the suppressed proliferation and angiogenesis induced by inhibiting the NF-B pathway in the LPS-exposed lung. A: representative immunofluorescent images of lung frozen sections from neonatal mice pretreated with either control IgG or anti-MIP-2 Ab, obtained 24 h after administration of LPS or LPS ϩ BAY, stained to detect CD31 (green), PCNA (red), and chromatin (blue). The percent PCNA-stained nuclear to total nuclear area was calculated, with **P ϭ 0.007 vs. LPS ϩ BAY ϩ IgG. Data are expressed as means Ϯ SE, with n ϭ 5 to 6 for each group. B: representative immunofluorescent images of lung frozen sections from neonatal mice pretreated with either control IgG or anti-MIP-2 Ab, obtained 24 h after administration of LPS or LPS ϩ BAY, stained to detect vWF (red) and chromatin (blue). The number of vWF-positive vessels per HPF was calculated with **P ϭ 0.006 vs. LPS ϩ BAY ϩ IgG. Data are expressed as means Ϯ SE, with n ϭ 5 to 6 for each group. Scale bar ϭ 100 m. alveolar lung and suppressed the expression of both FGF-7 and FGF-10. Although we have previously shown that blocking NF-B in the early alveolar mouse lung suppresses lung cell proliferation (21) , blocking NF-B in the LPS-treated lung did not further suppress proliferation or decrease FGF-7 or FGF-10 expression to a greater degree than LPS alone. Thus, although LPS-mediated decreases in lung cell proliferation likely contribute to the impaired alveolarization induced by systemic inflammation, these data suggest that an alternate mechanism is responsible for the more severe phenotype observed in the LPS ϩ BAY-treated mice.
The radial alveolar counts of mice receiving the combined treatment of LPS ϩ BAY were significantly lower at 24 h after treatment (i.e., at postnatal day 7) than the radial alveolar counts of control animals at P6. These data suggest that blocking NF-B activity during systemic inflammation does not simply arrest the formation of new alveoli but results in the destruction of existing alveoli. Although there was a strong trend toward both increased cleaved caspase-3 protein levels and number of TUNEL positive cells per HPF within the lungs of the LPS ϩ BAY-treated mice, this did not reach statistical significance. It is possible that the absence of a statistically significant increase in these metrics represents a type II error, given the large variability present within the two treatment groups, or that the timepoints selected for these assays did not coincide with the timing of peak apoptosis in this model. Alternatively, it could be that the lung injury occurring in the LPS ϩ BAY-treated mice resulted primarily from an induction of necrotic, rather than apoptotic, cell death. In addition, although RAC remains a very commonly used surrogate to assess lung complexity during late development (3, 27, 30, 43, 68) , the application of unbiased, designed-based stereologic methods to accurately measure alveolar number would be important in future studies to more definitively determine the degree of alveolar loss in the LPS ϩ BAY-treated mice.
Growth of the pulmonary capillaries by angiogenesis is essential for alveolarization. Angiogenic factors normally increase during late lung development but are suppressed by injuries that disrupt alveolarization (29) , and pulmonary capillary density and angiogenic mediators are decreased in patients dying from BPD (9) . Our prior work demonstrated that constitutive activation of NF-B in the early alveolar lung promotes pulmonary angiogenesis (21) , in part by functioning as a direct transcriptional regulator of VEGFR2 in early alveolar pulmonary endothelial cells (32) . In this study we found that systemic LPS markedly decreased VEGFR2 protein in the lung and that NF-B inhibition did not suppress VEGFR2 expression further. However, VEGF-A levels were only decreased in the mice receiving the combination of LPS and the NF-B inhibitor. VEGF contains NF-B binding sites within its promoter, and NF-B has been shown to induce VEGF transcription in alveolar epithelial cells in other models (62) . In concert with our findings, ATII-mediated deletion of IKK-␤ induces a transient impairment in alveolarization and significantly decreases VEGF expression, confirming that NF-B regulates VEGF expression during late lung development. The combined reduction in VEGFR2 and VEGF-A in the mice treated with the combination of systemic LPS and the NF-B inhibitor was associated with a significant decrease in pulmonary capillary density. Taken together, these data suggest that suppression of pulmonary angiogenesis is key to the severe pathology observed in the mice treated with LPS ϩ BAY.
In keeping with our prior study (2) , inhibiting the NF-B pathway before the administration of LPS increased lung inflammation, resulting in greater neutrophilic infiltration of the lung and a marked up regulation in MIP-2. However, other studies examining the effect of NF-B pathway inhibition on lung growth and injury have yielded conflicting results. In contrast with our findings in the early alveolar lung, in fetal lung explants from the late canalicular/early saccular stage of development, blocking NF-B activation in macrophages ameliorates the LPS-induced disruption of airway branching (11) . Similarly, inhibiting the NF-B pathway with BAY decreases lung cytokine expression in LPS-treated adult mice (2) . Yet, pretreatment of 6-wk-old mice with dexamethasone before LPS administration potently inhibits NF-B pathway activation and increases lung neutrophil accumulation and MIP-2 production (4), similar to what we observed in the present study. Mice containing compound genetic deletions of NF-B subunits develop spontaneous inflammation, increased neutrophils, and heightened levels of CXC chemokines (67) . However, although epithelial-specific deletion of IKK-␤ limits lung inflammation in adult mice infected with GBS, macrophagespecific deletion of IKK-␤ augments inflammation by polarizing macrophages toward a pro-inflammatory phenotype (21) . Furthermore, partial inhibition of IKK-␤ activity decreases inflammation and injury in a lung transplant model, whereas complete inhibition of IKK-␤ significantly exaggerates lung inflammation (31) . Taken together, these studies highlight the complexity of NF-B signaling in the lung and suggest that the effects of blocking the NF-B pathway will vary depending on the timing, degree, and cell-specificity of the inhibition. In addition, both IKK-␣ and IKK-␤ have recently been described to possess NF-B-independent functions (15) , suggesting that distinct effects might be observed using strategies to directly block IKK activity (as done in this study using BAY), versus those that specifically target NF-B nuclear translocation.
In our model, a key feature of the pathology induced by the combined treatment of LPS ϩ BAY was the marked upregulation of the pro-inflammatory chemokine MIP-2. However, the mechanisms accounting for this MIP-2 overexpression remain unclear. Important anti-inflammatory functions of NF-B result from its ability to regulate macrophage polarization. Activation of macrophages to the M1 phenotype by bacterial products such as LPS induces the expression of inflammatory cytokines (8) and angiostatic chemokines (47) , whereas activation to the M2 phenotype enhances tissue repair by promoting cell growth, extracellular matrix remodeling (66) , and angiogenesis (via the induction of VEGF-A). The NF-B pathway regulates both the switch from the M1 to the M2 phenotype and also the pro-angiogenic function of M2 macrophages. Monocyte-specific deletion of IKK-␤ increases M1 polarization by abrogating IKK-␤-mediated inhibition of STAT1, a transcriptional regulator of M1 cytokines (21) . Similarly, survival of M1 macrophages is prolonged in mice with an inactive form of IKK-␣ (36). NF-B enhances the formation of collateral vessels after ischemia by increasing the accumulation of M2 macrophages (60) and is necessary for maintaining the M2-phenotype of tumor associated macrophages (25) .
In our model, inhibition of NF-B significantly increased STAT1 in the LPS-exposed lung, and although a portion of these cells were CD31 positive EC, there were other cell types within the lung that also activated STAT1. However, our in vitro experiments performed in macrophages and EC (two cell types known to activate STAT1 in response to LPS) demonstrated that BAY did not alter STAT-1 activation in LPSstimulated alveolar macrophages but enhanced STAT-1 activation in LPS-stimulated PEC. Of note, treating the pulmonary endothelial cells with BAY alone also resulted in a marked increase in STAT1 activation, suggesting that NF-B serves to suppress STAT1 activity even under control conditions. These data suggest that the heightened cytokine production may be originating from the pulmonary endothelium rather than the alveolar macrophages. However, additional studies will be necessary to definitively identify all of the specific cellular sources of activated STAT1 in the lung and to determine whether it is these same cells that are specifically producing MIP-2. Future studies aimed to establish whether systemic inhibition of NF-B polarizes the alveolar macrophages toward an M1 phenotype would also be important to determine whether alterations in macrophage polarization could explain both the increased MIP-2 and decreased VEGF-A observed in our model. Moreover, additional studies to explore whether inhibiting NF-B in LPS-exposed lung differentially activates transcription factors (e.g., p38 MAPK, JNK) and cytokines (e.g., TNF-␣) known to regulate MIP-2 would be important to further delineate the mechanisms leading to MIP-2 overexpression.
The CXC/CXCR2 axis modulates lung injury in other models. CXC chemokines such as MIP-2 recruit neutrophils into the lung during acute inflammation (53) . In an experimental model of acute viral infection, anti-CXCR2 antibodies preserve alveolarization and decrease neutrophil accumulation (40) . Similarly, CXCR2
Ϫ/Ϫ mice exposed to hyperoxia demonstrate decreased lung infiltration and improved survival as compared with controls (59) . Furthermore, in an inflammatory model of BPD induced by the overexpression of IL-1␤ during the saccular stage of lung development, loss of CXCR2 attenuated the detrimental effects of IL-1␤ on alveolarization (28) . The combined treatment of LPS ϩ BAY increased lung neutrophils, and it is not possible to differentiate whether the beneficial effects of MIP-2 neutralization were primarily related to the inhibition of neutrophil accumulation versus the inhibition of direct MIP-2 effects on the pulmonary endothelium. However, evidence suggests that neutrophils promote angiogenesis, in part, by secreting high levels of angiogenic factors such as VEGF (33) . In our model, the severe alveolar impairment in the mice receiving LPS ϩ BAY was associated with both decreased angiogenesis and lower levels of VEGF, suggesting that mechanisms, in addition to neutrophilic infiltration, are central to the pathology.
In the present report, we identified a novel, anti-migratory effect of MIP-2 on the PEC. This is in contrast with data demonstrating that MIP-2 and additional ELRϩ CXC cytokines promote migration and angiogenesis in other endothelial cell types (58) . However, varied angiogenic responses of endothelial cells in response to CXC cytokines have been described. Human dermal microvascular EC have a more potent chemotactic response toward the CXC chemokine, IL-8, than human umbilical vein EC due to differences in the expression of distinct CXC receptors between the two cells types (55) . In contradistinction, EC chemotaxis is greater in murine aortic EC than in pulmonary EC, despite similar levels of expression of the MIP-2 receptor CXCR2 (46) . Of note, in that study by Moldobaeva and Wagner (46) , there was a strong trend toward impaired migration in lung microvascular EC treated with the highest dose of MIP-2 (100 ng/ml). In our studies, the antimigratory effects of MIP-2 on the primary PEC were only observed when MIP-2 was added to endothelial growth media containing serum. These data suggest that MIP-2 may block pro-angiogenic pathways mediated by endothelial growth factors present in serum. Alternatively, given that CXCR2 has numerous ligands, the detrimental effect of MIP-2 on pulmonary angiogenesis could be the result of high levels of MIP-2 serving to sequester CXCR2 from other, pro-angiogenic ligands. This notion may explain why the modest elevations of MIP-2 observed in the mice treated with LPS alone do not appear to be detrimental and why the neutralization of MIP-2 in that group had no effect on lung structure. Moreover, our data that plasma MIP-2 levels mirror the induction of MIP-2 in the lung raise the possibility that levels above a certain threshold might identify patients that would benefit from MIP-2 neutralization to preserve alveolarization, particularly in the subgroup of patients that develop postnatal infections.
In this study, we used a potent, pharmacologic inhibitor of the IKK kinases BAY 11-7082. Although this strategy had the advantage of completely blocking both IKK-␣ and-␤ phosphorylation, it remains possible that BAY may have influenced other intracellular signaling pathways in addition to NF-B. Furthermore, inhibiting NF-B activation with BAY did not allow us to differentiate whether the beneficial effects are mediated through IKK-␣ or IKK-␤ or to determine whether these IKK-mediated benefits are NF-B dependent. Moreover, because BAY would inhibit IKK activity in all cell types, this strategy did not permit us to delineate the cell type responsible for the protective effect. Abrogation of NF-B signaling via genetic deletion of either p65 or IKK-␤ causes embryonic lethality at E15.5 (6, 38) , precluding the use of these ubiquitous knockout models to study pathology occurring later in development. Our in vitro studies suggest that the increased STAT-1 activation observed in the neonatal mice exposed to LPS ϩ BAY may be the result of heightened STAT-1 phosphorylation in the PEC. Moving forward, the creation of a murine model with an inducible, endothelial specific deletion of IKK-␤ would allow the definitive assessment of the unique contribution of endothelial-specific activation of NF-B to alveolarization during physiologic and pathologic conditions.
In conclusion, the present study highlights an important role for the NF-B pathway in preserving pulmonary angiogenesis and alveolarization during postnatal inflammation. This is an extension of our prior studies, which demonstrated a novel anti-inflammatory role of NF-B in the early alveolar lung and identified an essential function for constitutive activation of the NF-B pathway in alveolarization and angiogenesis. These data identify a central role for NF-B in mitigating the detrimental effects of inflammation on alveolarization by suppressing MIP-2 expression and suggest that clinical studies in infants to correlate plasma MIP-2 levels with the severity of lung injury could potentially identify a subgroup of patients who might benefit from MIP-2 neutralization as a therapy to preserve lung growth. In addition, our work adds to a growing body of evidence derived from our group and others (2, 32, 44, 72) , supporting a unique, beneficial role for NF-B during late lung development and specific, physiologic roles for NF-B in the pulmonary endothelium. Moving forward, the challenge will be to further delineate the mechanisms that control the distinct functions of NF-B, to tailor the development of therapeutic strategies to selectively enhance discrete components of the pathway to effectively treat or prevent lung diseases such as BPD.
